Bench marking calculation for PHITS was performed on pion production cross sections for C, Al, Cu and Pb target irradiated by 730-MeV protons at wide angles in the interval 15 to 150 degrees. The experimental double differential cross sections were compared with the calculation results calculated by PHITS. As results, the PHITS calculations gave quite satisfactory results on the whole.
I. Introduction

1
Particle and Heavy Ion Transport code System, PHITS, 1) which can treat interaction and transport phenomena for particles and heavy ions, has been used for various purposes in a broad range of fields: radiation shielding design, dosimetry, radiotherapy and space science. Many validations for PHITS are required and performed in individual cases, as well as pion production. Benchmarking analysis has been carried out in the Hadron Shower Simulation workshop 2) held at 2006 (HSS06) at Fermi National Accelerator Facility. The purpose of the workshop is to lead to better understanding and simulation of hadronic showers relevant to hadron calorimetry at the International Linear Collider (ILC) 3) and Large Hadron Collider (LHC), 4) neutrino fluxes from pionic decay and atmospheric showers. One of the benchmarking problems, high-energy pion production (energy spectra and momenta in the forward angle) for simulation of neutrino fluxes, was performed and reproduced very well by PHITS. And the other codes attended the workshop also provided good accuracy: MARS and FLUKA, slightly underestimation: LAQGSM03, and overestimation: DPMJET-III and GEANT4, on the whole. As a result of the benchmarking at the workshop, it was found that agreement between the simulation codes including PHITS and experimental data is quite reasonable in many cases.
In this study, verification for PHITS ver. 2.24 was done in medium-energy pion production through a benchmarking. Benchmark calculation is on pion production cross sections for some solid targets irradiated by 730-MeV protons. The accuracy is extremely important from the perspective of some of the basic data for medium-energy physics.
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II. Benchmark Calculation
Experimental Data
Experimental data 5) at the Lawrence Radiation Laboratry was taken up as a benchmarking problem for pion (plus and minus) production cross sections by 730-MeV protons accelerated by 184-in. cyclotron on Carbon, Aluminum, Copper and Lead solid targets at wide angles in the interval 15 to 150 degrees. The experimental setup is shown in Fig. 1 . The thickness of the target was varied for different target materials. Target densities are listed in Table 1 . The solid targets were either 7.5 cm or 10 cm in diameter in the original paper. While the diameter of the target is very large compared with the thickness, the correction factor was not specified in this matter. On the condition, the intensities of secondary pions around 90 degree will be obviously over-decreased by the shielding effect of the target itself. We estimated this issue, and found the different tendencies between 90 degree and the other angles. Therefore, we assumed the numerical cross section data in the paper around 90 degree are corrected. In the calculation, the diameter of the target was decided 7.5 cm, except for 90 degree. At the 90 degree, the diameter was also decided the same thickness as the target densities, listed in Table 1 that we could consider the self-shielding effect is negligible small. The pion spectrometer consists of a bending magnet and 12 sets of scintillation counters. The spectrometer can measure at twelve energies in the interval 25 to 550 MeV. The pion spectrometer is shown in Fig. 2. 
Calculation Geometry
Calculation geometry was precisely reproduced such as, the target thickness and diameter, and the distance from the target to the spectrometer, except for 90 degree. At the 90 degree, the diameters were used the same thicknesses as the each target densities, listed in Table 1 , respectively.
Calculation Results
Calculation results are compared with the experimental data on pion (+ and -) production cross sections. The PHITS calculations were performed using two physics model, JAM 6) and JQMD 7) codes, which describe intranuclear cascade phase. The comparison of the cross sections given for the following target materials: C, Al, Cu and Pb, selected for the following angles: 15, 30, 60, 90, 120 and 150 degrees, and incident energy of 730 MeV are presented in Figs. 3-10 .
The calculation results by PHITS (JAM and JQMD) of pion production cross sections for Carbon (light nuclei) were excellent agreement with the experimental data on the whole. The curves for  + and  -meson production cross section, which have strong forward peaking shown in Figs. 3 and 4 , were also reproduced by the JAM and JQMD calculations.
The cross sections for Aluminum, Copper and Lead (heavy nuclei) were also compared between the PHITS calculation and experimental data. The Al cross sections, shown in Figs. 5 and 6, were good agreement, except for pion+ meson production in forward angle. The Copper double differential cross sections were well reproduced by the PHITS calculation on the whole. In the forward angle, however, double-peak shape of the cross sections calculated by the JAM code were appeared for pion+ and pion-, and slightly appeared in the JQMD results. The same tendency was also shown the cross sections for Lead, in Figs. 9 and 10. For the heavier nuclei, PHITS (the JAM and the JQMD codes) were not so good agreement with the experimental data. were underestimated the experimental data. The physical mechanism of the double-peak shape is not clear, but might be related to the reabsorption process of pions in nucleus. In this sense, the JAM and the JQMD codes have almost the same performance on pion production, because the production cross section is almost the same and the same absorption cross section is used in PHITS.
III. Conclusion
Benchmarking calculation on pion production cross sections for medium-energy physics was performed using PHITS. The experimental data were used given for the following target materials: C, Al, Cu and Pb, selected for the following angles: 15, 30, 60, 90, 120 and 150 degrees, and incident energy of 730 MeV. The cross sections calculated by JAM and JQMD in PHITS were compared with the experimental data. As results, the PHITS calculations gave quit satisfactory results on the whole, except for the heavier nuclei. The JAM and the JQMD codes had almost the same description on pion production, which had been well verified compared with the experimental data of nucleon-nucleon collisions. However, these codes do not include the elastic collisions between pion and nucleon in intra-nuclear cascade processes, which may become more important in hevier system. Therefore more study on the treatment for the reabsorption process of pion in nuclei will be needed in order to perform the accuracy improvement of these codes in PHITS.
